A series of chimeric α-amylase genes derived from amyL, which encodes the liquefying α-amylase from Bacillus licheniformis, were constructed in vitro using gene splicing techniques. The gene constructs were cloned in Bacillus subtilis, where their ability to direct the synthesis and secretion of active α-amylase was determined. Detectable α-amylase activity was observed for some, but not all, of the chimeric proteins. Studies on the secretion of wildtype AmyL and its chimeric derivatives revealed that, whilst these proteins were stable in the extracellular milieu, all were subject to some degree of degradation during secretion. The chimeric enzymes were degraded to a greater extent than the native enzyme. These findings suggest that cellassociated proteolysis is a significant problem affecting the use of B. subtilis as host bacterium for the production of heterologous proteins.
INTRODUCTION
Bacillus subtilis and the closely related bacilli Bacillus amyloliquefaciens and Bacillus licheniformis are capable of secreting enzymes into the culture supernatant at concentrations in excess of 10 g l −" (Ferrari et al., 1993) , and these species are currently used in the large-scale manufacture of industrial enzymes. However, attempts to use B. subtilis, for which an extensive knowledge of physiology and molecular biology exists, to secrete heterologous proteins at commercially significant concentrations have, with few exceptions, been disappointing (Harwood, 1992 ).
Today's industrial enzymes are frequently subjected to protein engineering to obtain products which exhibit improved characteristics with respect to specific industrial applications. Whilst such approaches may result in enzymes with significantly improved enzymic performance under application conditions, the introduced modifications are not always beneficial with regard to production and secretion from the intended host strain. It is not uncommon for the development of new products with commercial potential to be abandoned due to adverse production economics. One factor contributing to low yields is proteolytic degradation of secreted enzymes by extracellular proteases produced by the host. Strains in which genes encoding extracellular proteases have been deleted have been successful in reducing the proteolysis of certain products in the culture medium (Sloma et al., 1989 (Sloma et al., , 1991 Wu et al., 1991) , although the integrity of such strains can be compromised (Stephenson et al., 1999 ). An alternative approach has been to identify protease-labile sites in the product and to modify these sites by protein engineering (Boguslawski et al., 1996) . However, these approaches may only improve the yield of products which are already efficiently secreted.
Conceptually, the Bacillus secretory pathway (Simonen & Palva, 1993) can be divided into three functional stages : (i) early stages involving the synthesis of secretory pre-proteins, their interaction (if any) with chaperones and binding to the secretory translocase ; (ii) translocation across the cytoplasmic membrane via the
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A rate-limiting step in the secretion of certain proteins from B. subtilis is release from the cytoplasmic membrane and concomitant folding into the native conformation (Petit-Glatron et al., 1993 ; Chambert et al., 1995 ; Bolhuis et al., 1999a) . The folding step is modulated by ions such as Ca# + , Fe$ + and H + at the outer surface of the cytoplasmic membrane (Chambert et al., 1995 ; Leloup et al., 1997) which promote the rapid folding of the secretory proteins. In addition, folding may be assisted by PrsA, a lipoprotein located at the outer surface of the cytoplasmic membrane . Although its precise role in secretion is not clear, it is thought to act as an extracellular chaperone, assisting the folding of a subset of secretory proteins as they emerge from the translocase on the trans side of the cytoplasmic membrane (Kontinen et al., 1991 ; Jacobs et al., 1993) . In addition to these extrinsic factors, the efficiency of secretory protein folding is also dependent on the characteristics of the individual secretory proteins.
To facilitate studies on the influence of secretory protein charge on passage through the negatively charged cell wall of B. subtilis, we have constructed a series of chimeric α-amylases with different isoelectric points (pI). AmyL, the α-amylase of B. licheniformis (Ortlepp et al., 1983 ; Laoide et al., 1989) is efficiently expressed and secreted in B. subtilis, and we took advantage of the observations that functional chimeric proteins could be constructed using α-amylases from B. licheniformis (AmyL), B. amyloliquefaciens (AmyQ) and Bacillus stearothermophilus (AmyS) (Gray et al., 1986 ; Diderichsen et al., 1987 ; Jørgensen et al., 1990) to construct genes encoding chimeric α-amylases with modified net charge. This was achieved by replacing segments of the amyL gene with corresponding segments from the amyQ and amyS genes. This paper reports the design and construction of genes encoding chimeric α-amylases with altered pI values, and the enzymic characterization and production in terms of transcription and yield of their protein products.
Pulse-chase and immunoprecipitation techniques were used to follow the secretion of wild-type and chimeric enzymes from B. subtilis, as well as the secretion of wildtype AmyL from B. licheniformis. These studies revealed a significant cell-associated degradation of amylase synthesized in B. subtilis, a degradation which was not observed when wild-type AmyL was produced in B. licheniformis.
METHODS
Bacterial strains and growth conditions. Escherichia coli SJ2 (Diderichsen et al., 1990) and E. coli XL-1 Blue (Stratagene) were grown at 37 mC in TY medium (Diderichsen et al., 1990) . B. subtilis DN1885 (amyE amyR2), a derivative of B. subtilis 168 strain RUB200 (Yoneda et al., 1979) , was grown at 37 mC in TY medium containing 0n4% (w\v) glucose. B. licheniformis ATCC 9789 was obtained from the American Type Culture Collection, Manassas, VA, USA.
Strains of B. subtilis DN1885 harbouring plasmids were maintained on LB agar plates (Maniatis et al., 1982) supplemented with 0n4 % glucose and 6 µg chloramphenicol ml − ". Strains of E. coli SJ2 harbouring plasmids were maintained on LB agar plates supplemented with 100 µg ampicillin ml − ". To compare the yields of α-amylase released from B. subtilis, the strains were also grown in a complex liquid medium (Jørgensen et al., 1991b) for 7 d at 37 mC with shaking. For pulse-chase experiments, the B. subtilis strains were grown in Spizizen's minimal medium (Spizizen, 1958) modified by the replacement of glucose with 1 % (w\v) ribose, a noncatabolite-repressing carbon source, and 1 % (w\v) xylose to induce the synthesis of α-amylase.
The plasmids used throughout the work are given in Table 1 .
Construction of plasmids. pSX63, containing a xylose-inducible amyL gene, was used as the basis for the development of an expression system for the production of chimeric proteins. To facilitate the cloning of the engineered α-amylase genes as PstI-HindIII fragments, an unwanted PstI site between the cat and xylR gene was removed in three stages : (i) pSX63 was digested with ClaI and the large fragment purified, religated and transformed into B. subtilis DN1885, resulting in plasmid pKS200 ; (ii) pKS200 was digested at the now unique PstI site and the overhanging ends trimmed with S1 nuclease to form blunt ends. The blunt ends were ligated prior to transforming into B. subtilis DN1885, resulting in plasmid pCJ72 ; (iii) finally, the EcoRI-HindIII amyL fragment from pSX63 was cloned into the EcoRI and HindIII restriction sites in pCJ72 in B. subtilis DN1885 to produce pCJ92 (Fig. 1a) .
To generate an E. coli\B. subtilis shuttle vector, the SspI to SapI (positions 2501 to 683) fragment of pUC19, containing the origin of replication and β-lactamase gene (Yanisch-Perron et al., 1985) , was amplified by PCR using oligonucleotide primers with BglII restriction sites incorporated into their 5h ends. The PCR product was digested with BglII and cloned into the unique BglII site of pCJ92. The resulting plasmid, pKS301, was able to replicate in both E. coli and B. subtilis (Fig. 1b) .
DNA manipulation. Plasmid DNA was prepared from strains of E. coli and B. subtilis by an alkaline-phenol extraction method (Kieser, 1984) . Enzymes for restriction, ligation, endfilling and exonuclease treatments were used as recommended by the supplier (New England Biolabs). DNA fragments were purified from agarose gels using either Spin-X centrifuge tube filters (Costar) or a QIAquick Gel Extraction kit (Qiagen), as recommended by the manufacturers.
Transformation. Competent cells of B. subtilis were prepared and transformed with plasmid DNA by the procedure of Yasbin et al. (1975) and transformants selected on LB agar plates containing chloramphenicol (6 µg ml − ").
E. coli cells were electro-transformed in a Bio-Rad Gene Pulser according to the manufacturer's instructions. Transformants were selected on plates of LB agar supplemented with 100 µg ampicillin ml − ".
PCR.
Oligonucleotide primers used for the construction of genes encoding chimeric α-amylases were synthesized on an Applied Biosystems DNA synthesizer and purified before use.
Taq DNA polymerase (SuperTaq, HT Biotechnology) was used for PCR amplifications according to the supplier's instructions. The reaction cycles were as follows : 1i(2 min at Horton et al., 1989) , a PCR-based in vitro method, was used for fusing specific fragments of DNA without the need for restriction sites. Briefly, four oligonucleotide primers were synthesized ; primers at the fusion junction included non-annealing extensions at their 5h ends which were complementary to each other, whilst the flanking primers were complementary to their respective template DNA. The DNA regions were amplified in separate PCR reactions and the products mixed. Since one strand of each of these PCR products had complementary sequences in their 3h ends (i.e. at the fusion junction), they served as primers in the first step of the SOE reaction. In the second step, the fused product was amplified using the flanking primers. The spliced fragments were purified from agarose gels using Spin-X columns. The number of SOE steps was dependent on the number of fragments required for the construction of the final spliced product.
The following primers were used in the construction of amyLQS50 chimeras (sequence 5h-3h): 50\1, GGGGGAAT-TCTTGCTGCCTCATTCTGCAGCAGCG ; 50\2, GTA-CCCTACGTCGCTGCGGCTTGTTCCCTTATATGCC-GGGGG ; 50\3, ACAAGCCGCAGCGACGTAGGGTAC-GGTGCTTACGACCTTTATGATTTAG ; 50\4, GGGG-GGAGCTCTTCAACCGCGGTTACATCTTCGG ; 50\5, GGGGGGAGCTCTGTAACCGCGGTTGAAGTCGATC ; 50\6, CCAGCGCCACTTAAAGCTGGAGTAGGTGTTG-CCCCGCCCGGGAAAATGAAAATGTGTCCAGG ; 50\7, CCCGGGCGGGGCAACACCTACTCCAGCTTTAAG-TGGCGCTGGTACCATTTTGACGGAACCGATTG ; 50\8, GGGGGGGATCCTGGTCATAATCGATGTCGGC-ATAC ; 50\9, GGGGGGGATCCATGCCGACATCGATT-ATGACCATC ; 50\10, GTAAATAGCGGCTTGCCAGTT-TTTTCCCTGACATGATTAAG ; 50\11, TTAATCATGT-CAGGGAAAAAACTGGCAAGCCGCTATTTAC ; 50\12, CTCATATCATAGCCGCCTCCTGATTTGGAAGCGG-TATAAAATTTG ; 50\13, TTTATACCGCTTCCAAATC-AGGAGGCGGCTATGATATGAG ; 50\14, CCATGTTT-GGACAGTCGACTCAAGC ; 50\15, GGGGCAATCGCT-TGAGTCGACTGTCCAAAC ; 50\16, TTCCTTTGGCGA-TGTCCCTTTCGTCCCGTACATATCCC ; 50\17, GGGA-CATCGCCAAAGGAAATTCCCTCACTGAAACACAA-AATTG ; 50\18 GGGGGGCATGCCTGTGCTCCGTACG-CGTACTGTTTTCTG ; 50\19, GGGGGGGATCCCGAG-AAAACAGTACGCGTACGGAGCAC ; 50\20, TGTTGTT-TGCCAACGTACATTCGCTTTGCCCCACCGGGTC ; 50\21, GACCCGGTGGGGCAAAGCGAATGTACGTTG-GCAAACAACAC ; 50\22, CCGTCCTCTCTGCTCTTCT-AAGGCCATGCCACCAACCGTG ; 50\23, CACGGTTGG-TGGCATGGCCTTAGAAGAGCAGAGAGGACGG; 50\24, GACAGCAAGCTTTTTCAATTCATCCG.
Chimeric block 1 was constructed using primers 50\1-50\4, and wild-type block 1 using 50\1j50\4. Chimeric block 2 was constructed using primers 50\5-50\8, and wild-type block 2 using 50\5j50\8. Chimeric block 3 was constructed using primers 50\9-50\14, and wild-type block 3 using 50\9j50\14. Chimeric block 4 was constructed using primers 50\15-50\18, and wild-type block 4 using 50\15j50\18. Chimeric block 5 was constructed using primers 50\19-50\24, and wild-type block 5 using 50\19j50\24.
The following primers were used in the construction of amyLQS55 chimeras (sequence 5h-3h):
55\1, AAACGGAGCTCCGCCCGATTGCTGACG ; 55\2, GCATCATTCTGCAATCGGGTCCATAACGTGCCA-TCATCCGGCATGTACCATTCAAAATACTGC ; 55\3, GACCCGATTGCAGAATGATGCGGAACATTTATC-GGATATCGGAATCACTGCCGTCTGGATCCC ; 55\4, GAATGGCTTGAAGATATTGTCCTTTTGTGCCGTA-CTTTGTCCG ; 55\5, CGGTAGAGCTCGCCGTCTGGA-TCCCCCC ; 55\6, CGGACAAAGTACGGCACAAAAGG-ACAATATCTTCAAGCCATTCAAGCC ; 55\7, GATTTG-ATATTCCTCCGAGATTTCTTGGTTGCGGTCG ; 55\8, GACCGCAACCAAGAAATCTCGGAGGAATATCAAA-TCAAAGCGTGGACGGATTTTCGTTTTCCGGGGG-CCGGCAGC ; 55\9, CTTAAAGATCTGCTGCGACATC-AGGATGG ; 55\10, CGGCAGCACATACAGCG ; 55\11, CATTAACGTGCGCATATCATAGCCGCCTCCCTGT-GTCG ; 55\12, CGACACAGGGAGGCGGCTATGATAT-GCGCACGTTAATGACC ; 55\13, GGACAGTCGACTCA-AGCGATTGCCCCGGCTGTGTGTCATGATTATCAA-CGAAGG ; 55\14, CCATGATACACAGCCCGG ; 55\15, CGATTTTGCTTTTCAGCGAAGGAATTTCGCGCTG-GG ; 55\16, CCCAGCGCGAAATTCCTTCGCTGAAAAG-CAAAATCG ; 55\17, GGCATTTTTCAGGCCGGCGTAC-ATCCATTTGCTTCC ; 55\18, GGAAGCAAATGGATGT-ACGCCGGCCTGAAAAATGCC ; 55\19, CGTCCTCTCT-GCTCTTCTATTTCTGAACATAAATGGAGACG ; 55\20, CCATTTATGTTCAGAAATAGAAGAGCAGAGAGGA-CG ; 55\21, GACAGCAAGCTTTTTCAATTCATCCG.
Chimeric block 1 was constructed using primers 55\1-55\4, and wild-type block 1 using 55\1j55\4. was constructed using primers 55\4-55\9, and wild-type block 2 using 55\5j55\9. Chimeric block 3 was constructed using primers 55\10-55\13, and wild-type block 3 using 55\10j55\13. Chimeric block 4 was constructed using primers 55\14-55\21, and wild-type block 4 using 55\ 14j55\21. DNA sequencing. DNA sequences were determined by the dideoxy chain termination method (Sanger et al., 1977) α-Amylase assay. α-Amylase activity was determined using the Phadebas Amylase Test kit (Pharmacia Upjohn), using the protocol provided with the assay kit and purified AmyL as a standard. One unit of activity was defined as the amount of enzyme catalysing the hydrolysis of 1 µmol glycoside linkage min − " at 37 mC. Dot-blot hybridization of α-amylase-specific mRNA. Cultures of B. subtilis were grown in 30 ml Spizizen's minimal medium with 1 % ribose as the carbon source and 1 % xylose to induce the synthesis of α-amylase. Samples were removed for the determination of growth and α-amylase activity, and for the isolation of total RNA. RNA was extracted from the cells of 1 ml culture samples using the RNeasy kit (Qiagen) according to the manufacturer's protocol. RNA samples were stored at k75 mC in the presence of RNase inhibitor (RNasin ; Promega). Contaminating DNA was removed with RNase-free DNase I (Boehringer Mannheim). RNA was quantified by spectrometry (GeneQuant II ; Pharmacia Upjohn). For each sample, 3 µg total RNA was dot-blotted onto a positively charged nylon membrane (Boehringer Mannheim) using standard protocols (Sambrook et al., 1989) . The DNA probes, corresponding to common regions in the 5h ends of amyL, amyLQS50 and amyLQS55, were amplified from amyL by PCR. Probe 1, used to probe RNA from strains DN1885 xylR : : pKS401 (expressing AmyL) and DN1885 xylR : : pKS405B (expressing AmyLQS50-5), was amplified using oligonucleotide primers LQS50\27 (5h-GGT GCT TAC GAC CTT TAT G-3h) and LQS50\28 (5h-AAA TGA AAA TGT GTC CAG GC-3h). Probe 2, used to probe RNA from strains DN1885 xylR : : pKS401 (expressing AmyL), DN1885 xylR : : pCJ201 (expressing AmyLQS55-3) and DN1885 xylR : : pCJ272 (expressing AmyLQS55-6), was amplified using oligonucleotide primers KS15 (5h-ACT GCA ATT GGA CGG TTT CCG-3h) and KS16 (5h-CTG TGT CGA TGC AGC ATG G-3h).
The probes were radiolabelled with [α-$#P]dATP (Amersham) using the Rediprime kit (Amersham) and were hybridized to immobilized RNA as described by Sambrook et al. (1989) . The amount of probe bound to total RNA samples was quantified by phosphor-imaging (Phosphor-Imager ; Molecular Dynamics) and analysed using the ImageQuant software (version 3.22 ; Molecular Dynamics). Pulse-chase labelling and immunoprecipitation. Cultures of B. subtilis growing exponentially to an optical density at 660 nm of approximately 0n5 were pulse-labelled with -[$&S]methionine as described previously (Jensen, 1997 ; Stephenson & Harwood, 1998) and samples removed at the following time intervals : 0, 0n5, 1, 2, 3, 4, 5, 10 and 15 min. Labelled α-amylases in whole-culture samples and released into the growth medium [obtained by filtration through 0n45 µm PVDF filters (Whatman)] were immunoprecipitated and subjected to SDS-PAGE and fluorography. The relative amounts of α-amylase present at each time interval were determined by phosphor-imaging (Phosphor-Imager ; Molecular Dynamics) using the associated software (ImageQuant version 3.22 ; Molecular Dynamics). genes encoding the chimeric α-amylases were divided into a number of DNA blocks using the unique restriction sites within the amyL gene. Distances, in nucleotides, were calculated in relation to the first codon in each gene. Asterisks indicate restriction sites created by silent mutation during the construction of the DNA blocks. amyLQS50-5 is composed of wild-type block 1 (amyL 79-213), and chimeric blocks 2, 3, 4 and 5. amyLQS55-3 is composed of wild-type blocks 1 (amyL 79-213), 2 (amyL 214-561) and 4 (amyL 1096-1798), and chimeric block 3. amyLQS55-6 is composed of wild-type block 2 (amyL 214-561), and chimeric blocks 1, 3 and 4.
RESULTS
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AmyS (Palva, 1982 ; Takkinen et al., 1983 ; Gray et al., 1986 ; Jørgensen et al., 1991a) . The segments were chosen so that each swop led to an increase or decrease in the pI, as calculated by the ChargPro programme in the \ software package. For example, the carboxy-terminal extension of AmyS includes a large number of positively charged amino acid residues so the inclusion of this ' tail ' in the chimeric α-amylase AmyLQS50 increases its predicted pI.
The chimeric proteins were designed prior to the resolution of the crystal structure of AmyL (Machius et al., 1995) , but secondary structure predictions were used to ensure that the boundaries of swopped segments were not internal to β-strands or α-helices in an attempt to minimize perturbations to the structure of the protein.
A strategy was developed that involved a relatively small number of segment swops to generate variants of AmyL, AmyLQS50 and AmyLQS55, with predicted pI values of 6n0, 8n1 and 4n7, respectively (Fig. 2) .
Construction of genes encoding chimeric α-amylases
The native amyL gene has an unique PstI site located within the signal peptide coding region, and an unique HindIII site downstream (3h) of its transcription terminator. Consequently, the chimeric genes were designed as in-frame PstI-HindIII DNA fragments, and the AmyL signal peptide was used to direct the secretion of all the chimeric α-amylases and the reconstructed AmyL.
The chimeric genes were subdivided into blocks bordered by unique restriction sites already present in amyL (Fig. 2) and synthesized using a PCR-based gene splicing method (Horton et al., 1989) . As well as naturally occurring unique restriction sites, the gene constructions were facilitated by additional sites introduced as silent mutations : a MluI site in the case of amyLQS50 and a BamHI site in the case of amyLQS55. amyLQS50 and amyLQS55 were constructed from five and four blocks, respectively, with regions of amyL being replaced by corresponding regions of either amyQ or amyS (Fig. 2) . In addition to the chimeric DNA blocks, equivalent wild-type amyL blocks were also constructed. This allowed individual chimeric blocks to be replaced with the corresponding wild-type blocks as and when required.
Individual DNA blocks were cloned into pUC19 using the unique restriction sites generated at their ends. A number of independently isolated pUC19 clones were sequenced to detect errors generated during the PCR and to ensure the fidelity of the splicing reactions. amyLQS55 block 2 included a base substitution that changed the expected amino acid residue at position 115 from alanine to glycine, whilst amyLQS55 block 4 had two base substitutions changing the expected residues at positions 403 (from serine to alanine) and 485 (from glycine to serine). These changes were accepted since they were unlikely to affect the overall charge of the respective amylases.
Assembly of chimeric α-amylase genes
The individual DNA blocks were assembled stepwise in pUC19 to generate PstI-HindIII gene fragments encoding the mature protein of the chimeric α-amylases. As illustrated in Fig. 2 , a number of intermediate genes were assembled using combinations of chimeric and wild-type DNA blocks.
The assembled amyLQS55 gene fragments were cloned into plasmid pCJ92 (Fig. 1a) using B. subtilis DN1885 as the host, whilst amyLQS50 gene fragments were cloned into an E. coli\B. subtilis shuttle vector plasmid, pKS301 (Fig. 1b) , using E. coli XL-1 Blue as an intermediate host prior to transfer to B. subtilis DN1885. In both cases, the assembled PstI-HindIII gene fragments replaced the preexisting wild-type amyL gene. The presence of a MluI or BamHI restriction site within the cloned α-amylase genes was taken as evidence that the wild-type amyL gene had been replaced.
The α-amylase genes were cloned downstream of the promoter\operator (P " O) from the B. subtilis xyl operon, which enabled α-amylase production to be induced in the presence of xylose. In the absence of xylose, repression is mediated by the XylR repressor, which is also encoded by the expression plasmids pCJ92 and pKS301 (Fig. 1) .
The transformants were screened on starch plates for the secretion of a functional α-amylase by staining with iodine vapour. Neither of the strains encoding the full chimeric α-amylases AmyLQS50 and AmyLQS55 showed detectable α-amylase activities. Data on intermediate chimeric α-amylases indicated that the presence of block 1 in amyLQS50 and block 2 in amyLQS55 prevented the production of detectable amounts of α-amylase activity. Constructs in which these two blocks were replaced with wild-type blocks showed α-amylase activities that could be detected on the starch plates, although there were marked differences in the sizes of their zones of hydrolysis compared to that for the strain encoding AmyL (data not shown).
The plasmid-encoded expression systems (Fig. 1) were based on the replicon of the Staphylococcus aureus plasmid pUB110, which can be relatively unstable in B. subtilis (Bron & Luxen, 1985 ; Bron, 1991) . A more stable expression system was obtained by integrating the α-amylase genes into the chromosome of B. subtilis. The integration vectors were constructed by cloning EcoRIBglII fragments of pCJ92 and pKS301 (Fig. 1) , containing α-amylase, xylR and cat genes, into pUC19. The resulting plasmids, which lack an origin of replication that is functional in B. subtilis, were transformed into B. subtilis DN1885 and chloramphenicol resistance was used to select for cells containing integrated plasmids. Integration occurred by single, homologous recombination between the plasmid and chromosomally encoded copies of the xylR gene, resulting in the tandem duplication of this gene. The integration events were verified by Southern blot hybridization (data not shown).
Production of chimeric α-amylases in B. subtilis B. subtilis DN1885 strains containing integrated chimeric constructs were grown in shake flasks for 7 d at 37 mC in a complex medium containing 0n2 % xylose and 6 µg chloramphenicol ml −" (conditions chosen to mimic industrial fed-batch fermentations), and the accumulation of α-amylase in the culture medium was determined by Western blotting and by enzyme activity assays. The data confirmed that strains containing the full chimeric constructs encoding AmyLQS50 and AmyLQS55 produced no detectable amylase activity and that no amylase protein could be detected in the culture supernatant by Western blotting. The active variant with highest pI, AmyLQS50-5, was present in the fermentation medium at a concentration that was about half that of AmyL, whereas the active variant with lowest pI, AmyLQS55-6, was present at a concentration that was less than 1 % that of AmyL (Table 2) . Western blot analysis (data not shown) confirmed the results obtained from the enzyme activity assays : reduced amounts of chimeric α-amylases accumulated in the culture supernatants as compared to AmyL.
Following fermentation, stability of the chimeric enzymes in the spent culture medium was determined. The chimeric amylases were as stable as AmyL during incubation for more than 140 h, retaining more than 85 % of their initial activity over this time. This indicates that the observed differences in accumulated α-amylase AmyLQS55-6 10 500 2 1n2
* Purification and specific activity determination are described elsewhere (Stephenson et al., 2000) . † α-Amylase activity was determined in the culture medium using the Phadebas Amylase Test (Pharmacia Upjohn). The 100 % AmyL value corresponded to an activity of 1000 units ml −" . ‡ The amount of α-amylase protein was calculated using the specific activity of the α-amylase proteins. hybridized with probe 1. , Growth ; 5, α-amylase specific activity, normalized to the OD 600 of the culture ; bars, relative amounts of α-amylase-specific mRNA. Cell-associated degradation of chimeric α-amylases were not due to increased susceptibilities of the folded forms of these enzymes to the extracellular proteases produced by B. subtilis. Selected chimeric amylases were purified and, relative to AmyL, no major differences were observed with respect to thermostability and pH and temperature profiles, whilst the measured pI values showed the desired differences, being 5n0, 7n0 and 10n0 for enzymes AmyLQS55-6, AmyL and AmyLQS50-5, respectively (Stephenson et al., 2000) .
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The production of the chimeric α-amylases were also tested under other conditions, for example during growth in minimal medium and TY medium (data not shown). B. subtilis DN1885 strains encoding the chimeric α-amylases grew at identical growth rates as compared to the wild-type strain. However, when the yields of secreted α-amylases were compared, the strains encoding the chimeric α-amylases produced a significantly reduced level of α-amylase activity. This was observed for the production of α-amylase in both exponential and stationary phases.
Transcription of genes encoding AmyL and chimeric enzymes
Quantitative dot-blot hydridization was used to determine whether the observed variations in the amount of secreted chimeric enzymes were due to differences in the transcriptional activities of their genes. Although all the genes were transcribed from the same promoter system, differences in mRNA levels might have arisen from the unwitting incorporation of secondary structures or RNase processing sites during chimeric gene construction, or from variations in gene copy number. Cultures of B. subtilis DN1885, expressing AmyL or representative high and low pI α-amylases from chromosomally located expression cassettes, were sampled in exponential and stationary phases to determine α-amylase activities and to quantify α-amylasespecific mRNA. Separate probes were designed for genes encoding high and low pI α-amylases, using regions that were conserved in both amyL and the constructed genes.
The amount of α-amylase activity detected in the culture medium varied from 60 (the minimum detection limit) to 1400 enzyme units per culture OD unit whilst the relative amount of mRNA remained relatively constant, varying by no more than about twofold (Fig. 3) . In the case of the strain encoding AmyLQS55-6 (Fig. 3a) , it was never possible to detect any α-amylase activity, despite the fact that the gene was transcribed at a level similar to that of amyL. These data confirm that the reduced levels of α-amylase activity observed for the chimeric enzymes were due to post-transcriptional events.
Pulse-chase analysis of wild-type and chimeric
α-amylase secretion
The secretion of the chimeric α-amylases was studied using a combination of pulse-chase and immunoprecipitation techniques. Strains of B. subtilis with chromosomally integrated α-amylase genes were used since they provided an expression system that was stable in the absence of antibiotic selection. The precursor of AmyL was processed rapidly into the mature form (Fig. 4a, b) ; immediately after the addition of the chase (T ! min) 70 % of the labelled AmyL was already in the mature form. The amount of labelled mature AmyL peaked at about 1 min after the addition of the chase and then declined until, at about 6 min, it reached a constant level at around 25 % of the total amylase synthesized during the pulse (Fig. 4a, b) . This indicates that a significant fraction of newly synthesized AmyL was degraded during or shortly after translocation across the cytoplasmic membrane, and possibly before release into the culture medium. AmyL was detected in the culture medium within 1 min of the addition of the chase and reached a constant level after about 5 min (Fig. 4a, b) . AmyL appeared to be stable once it had reached the culture medium. For the low pI chimeric α-amylase, AmyLQS55-3, degradation of the newly synthesized protein was much more pronounced than was observed for AmyL (Fig. 4c,  d ). Approximately 90 % of the labelled α-amylase was rapidly degraded. As with AmyL, AmyLQS55-3 was detected in the culture supernatant after about 2 min of chase. Similar observations were made for the high pI chimeric α-amylase, AmyLQS50-5 ; newly synthesized AmyLQS50-5 was degraded to a similar extent as compared with the low pI α-amylase, AmyLQS55-3 (Fig.  4e, f) . The degradation of wild-type AmyL in B. subtilis might reflect the fact that this protein is not native to this strain. We therefore studied its secretion in B. licheniformis strain ATCC 9789 (Fig. 4g, h ) and observed that, whilst the AmyL precursor was rapidly processed, the amount of newly synthesized α-amylase remained constant throughout the 15 min chase. This implies that newly synthesized AmyL is stable in its native host, B. licheniformis, and that the observed degradation in B. subtilis might reflect the fact that production of AmyL in B. subtilis takes place in a heterologous expression and secretion system.
DISCUSSION
Gene splicing techniques and the related genes from B. amyloliquefaciens, B. licheniformis and B. stearothermophilus encoding liquefying α-amylases were used to construct a series of genes encoding α-amylases with pI values that were either higher or lower than the pI of the wild-type B. licheniformis amylase, AmyL. Whilst no activity was detected from either of the full chimeric constructs, in each case the replacement of one of the constituent blocks with a wild-type block led to the production of active enzymes. The purification and characterization of these enzymes is described elsewhere (Stephenson et al., 2000) . Chimeric and wild-type α-amylases were expressed in B. subtilis from constructs in which the transcriptional and translational regulatory regions, including the signal peptide coding sequence, were identical. Additionally, the amounts of α-amylase mRNA synthesized from the genes were comparable. Despite this, large differences were observed in terms of amylase activity and amylase protein accumulating in growth medium from strains expressing different chimeric enzymes. These differences were observed irrespective of the particular growth medium and growth stage investigated. The observed differences could not be ascribed to differences in susceptibility of the fully folded, secreted amylases to the B. subtilis extracellular proteases as both chimeric amylases and wild-type AmyL were fully stable during incubation in spent growth medium at 37 mC for at least 7 d. However, pulse-chase experiments showed that, even in the case of AmyL, substantial amounts of the newly synthesized enzymes were degraded within a few minutes of their synthesis. Because the fully folded proteins were stable in growth medium, it is likely that the observed degradation occurs in a cell-associated location, possibly before or during post-translocational folding into their native conformations. When the native B. licheniformis host was used, newly synthesized AmyL was stable. We therefore propose that the instability of AmyL and its chimeric derivatives in B. subtilis reflects different degrees of mismatch between their folding behaviour and this bacterium's systems for screening the authenticity and\or fidelity of secreted proteins. The likely role of these screening systems is to prevent blockage of the presecretory protein translocases and\or the formation of protein aggregates within the matrix of the cell wall. Subtilisin-alkaline phosphatase fusion proteins have been shown to be degraded extensively in a prsA3 mutant of B. subtilis (Jacobs et al., 1993) , presumably because the limited amount of the folding effector PrsA reduces the rate at which the fusion proteins are folded. Furthermore, increased amounts of PrsA have a positive effect on the accumulation of AmyL when the amyL gene is expressed at high rates from a multicopy plasmid. The increased AmyL accumulation coincides with a strong reduction in the extent to which newly synthesized AmyL is degraded in the PrsA-overexpressing strain, indicating that co-or posttranslocational folding is an important factor for efficient secretion (Jensen, 1997) . The increased cellassociated degradation observed for the chimeric enzymes is therefore likely to be a consequence of changes in their folding kinetics (Stephenson et al., 1998 ). An intriguing observation, consistent with the notion that folding kinetics is an important parameter in determining secretory protein yield, was the finding that production of one of the chimeric α-amylases was significantly affected by growth temperature. The production of AmyLQS55-6, which at 37 mC was produced at about 1 % of the level of AmyL, was increased 50-fold when the growth temperature was lowered to 26 mC (Jensen, 1997) ; at this temperature, AmyL production decreased twofold. The E. coli outer-membrane protein A (OmpA) has also been shown to be susceptible to proteolytic degradation during secretion from both B. subtilis and Staphylococcus carnosus (Meens et al., 1997) . There were strong indications that the degradation of OmpA was caused by membrane-and\or cell-wall-associated protease(s). Whilst problems might have been expected when attempting to secrete an outer-membrane protein from a Gram-negative bacterium in a Gram-positive bacterium, our observations that a protein from a closely related species is also susceptible to cell-associated degradation are more surprising, and point to an efficient mechanism for detecting and removing non-native protein structures. We have recently shown that CWBP52, a cell-wall-associated serine protease, is responsible for only 15 % of the observed cell-associated degradation of AmyL (Stephenson & Harwood, 1998 ; Bolhuis et al., 1999b) . This and other wall-or membrane-associated proteases may act to prevent defective or foreign proteins from blocking secretory translocases, a potentially lethal event. An implication of these studies is that, even for apparently robust Bacillus enzymes such as AmyL, cellassociated degradation is a factor limiting the yield of secretory proteins and is an important parameter that needs to be addressed when Bacillus strains are being optimized for high-level production systems. Our work also demonstrates that engineering changes in native proteins, for example to optimize their enzymic properties for a specific industrial application, could have secondary effects that reduce their suitability for secretion into the culture medium. Therefore, when protein engineering is used to modify the specific characteristics of a enzyme of commercial interest, it should be borne in mind that the introduced modifications have to be compatible with the secretion system of the production host. Even small modifications within an enzyme can dramatically affect the yield of secreted product.
